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The presence of toxic lead in the perovskites is the major hurdle in commercializing these novel materials-based devices. The first
principles calculations have been conducted to investigate the electronic structure, optoelectronic, and transport properties of lead-
free RbAuBr3 and RbAuBr4 perovskites. Modified Becke-Johnson approximation is used to evaluate the accurate band structures
for both compounds. The calculated energy-volume curves and the negative formation energy values confirm their stability. The
band structure profile shows a semiconductor nature of both compounds with bandgap values of 0.77 eV and 2.32 eV for RbAuBr3
and RbAuBr4, respectively. The density of states graphs endorsed the band structure results. The optical response is calculated in
terms of real and imaginary parts of the dielectric function, refractive index, and energy loss parameters. The maximum absorption
is achieved in the infrared region for RbAuBr3 and the visible region for RbAuBr4. The thermoelectric response is also computed
and a high ZT value of 0.96 is achieved for RbAuBr3, while a moderate value of 0.60 is obtained for RbAuBr4 at 800 K. The
calculated properties reveal the potential of studied lead-free perovskites for thermoelectric and optoelectronic applications.
© 2022 The Electrochemical Society (“ECS”). Published on behalf of ECS by IOP Publishing Limited. [DOI: 10.1149/2162-8777/
aca795]
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The shortage and high demand for consumable energy in the
advanced global world motivate researchers to discover new renew-
able energy sources.1 Waste heat and Sunlight are significant
renewable energy sources, which can be directly converted into
light energy by thermoelectric generators and solar cells. The choice
of materials has a fundamental role in determining the efficiency of
thermoelectric and optoelectronic devices.2–7 A huge part of the
Earth’s crust contains Perovskites, a class of materials that contains
an extensive range of substances from insulators to superconductors.
The perovskite materials, which have the general formula ABX3, are
excellent candidates for the creation of various optoelectronic
devices because they offer exceptional optoelectronic
capabilities.8–10 The band gap of most ABX3-type perovskites falls
in the visible region, which attracts researchers to explore their
features with a wide range of applications in solar cells.11,12 The
exceptional optoelectronic characteristics of hybrid lead-based
perovskites provide a wide range of applications in the field of
photonics, such as lasers and light-emitting diodes.12–14 Perovskite
materials are particularly famous in the photovoltaic field due to
their high power conversion efficiency, which has increased from
3.8%15 to 22.7%16 in recent years. Despite their attractive features,
perovskites are facing major challenges in their commercialization
because of the toxic nature of lead and the instability of their
structures against the temperature and air/moisture.17–20 The in-
stability problem can be addressed by carbon encapsulation, multi-
cation substitution, and incorporation of hydrophobic moieties.21

The toxicity of perovskites can be encountered by replacing Pb with
non-toxic elements.22 The replacement of Pb is done with the group-
IVA no-toxic elements such as Ge and Sn. However, it is noted that
the replacement of Pb with Sn results in less stable perovskites.23

The substitution of Ge in place of Pb causes the reduction of optical
conductivity, light absorption, and dielectric constant, which de-
creases photovoltaic performance.20 Inorganic halide-perovskites are
presently considered to be a mainstream research topic due to the
absence of sensitive organic components.24–26 Although inorganic
halide perovskites show good optoelectronic properties, they have
many limitations.27,28 Recently, CsPbX3 (X=I, Cl, Br) perovskites
revealed high thermal stability than the other perovskite

materials.29,30 In addition, a large amount of experimental and
theoretical work has been done widely in the recent past to explore
perovskite properties.31–35 Although there are many perovskites with
diverse properties have been reported in the literature, a desire to
discover more useful perovskite materials for thermoelectric devices
is still growing in the research community. In the current report, a
comprehensive investigation of the important properties of RbAuBr3
and RbAuBr4 is done. To the best of our knowledge up till now,
there is no simulation work has been carried out on RbAuBr3 and
RbAuBr4 perovskites to discover their potential in thermoelectric
and optoelectronic applications. The present work comprises the
mechanical and structural stability along with the calculation of
ground-state electronic structure, optoelectronic and thermoelectric
properties of studied perovskite materials.

Research Methodology

To determine the physical properties of perovskites, we used
density functional theory (DFT) based calculations with a full
potential linearized plane wave (FP-LAPW) study executed in the
WIEN2k code.36 FP-LAPW is used to find the solution of the
Kohn–Sham equation and results in the determination of ground-
state properties of non-interrelating systems. To correctly calculate
the electronic response of selected compounds, we implemented
Trans-Blaha modified Becke-Johnson (mBJ) exchange-correlation
potential.37,38
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where Vcell is cell volume. The α and β parameters are chosen in the
extensive range of solids to fit the bandgap. The WIEN2k code is
used to calculate the optoelectronic properties of the studied
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compounds, while thermoelectric properties are computed with the
help of the BoltZTrap code.40 The wave function of the Kohn–Sham
equation is expended inside the sphere as atomic-like orbitals and in
the interstitial region as a plane wave. During the calculations, basis
set extension is managed with RMTKmax = 7 and spherical
harmonics are set to lmax = 10. Self-consistency for charge and
energy is attained up to 0.001 e/a. and 0.0001 Ry per unit cell,
respectively. In Brillouin Zone, the integration over the K-space to
achieve self-consistency for a Bloch correction is done with 1200 k-
points. The ground-state properties were calculated using optimized
lattice parameters. Constant relaxation time (τ) approximation is
used for the calculation of transport properties implemented through
the BoltzTrap code.41 The thermoelectric parameters are computed
with the help of the following relations:
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Where Nv, k, h, KB, n, T, E(k), mi, and mb are the band degeneracy,
the electric charge, the Boltzmann constant, the plank constant, the
carrier concentration, the temperature, the band energy, the mass
components, and band mass, respectively.42

Result and Discussion

Crystal structure.—The studied monoclinic Perovskite type
compounds RbAuBr3 and RbAuBr4 belong to the space group C2/
m and P2_1/c. The unit cell crystal structure of both materials is
drawn with XCrySDen and presented in Fig. 1. The bond lengths
and ionic radii are the main factors that determine the material
structure’s stability and effectiveness. Cations and anions arrange-
ment in materials have an essential role in defining the band
structure, stability and materials performance, as well as definite
applications in the practical world. To ground-state properties of
studied compounds are calculated by using the optimized lattice
parameters. Optimization of the structure was done with the help of
Birch-Murnaghan’s equation of state,43 which is also used to
describe the variations in the total energy of the system

corresponding to the volume.
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Here V0 is the unit cell volume, B0 is an equilibrium bulk modulus,
′B 0 is the derivative of the bulk modulus and E0 is the minimized

energy at the ground state. The calculated optimization graph of
RbAuBr3 and RbAuBr4 are shown in Fig. 2.

To determine the possibility of synthesizing the materials, we
calculated the formation energy for both materials. It is the
difference between total energy with the energy of the individual
atoms. The negative value of formation energy corresponds to the
stable nature of the material and the positive value of energy
indicates the spontaneous nature of the material and hence
instability.44 The calculated ground state parameters are presented in
Table I.

Electronic structure.—The range of energy levels possessed by
the electrons in a material is illustrated with an electronic band
structure. It is the most crucial factor in determining the internal
characteristics of any material.45 The electronic structure is also used
to accurately explain the electronic transitions due to the distribution
of electrons inside the bands. We have investigated the electronic
band structures of RbAuBr3 and RbAuBr4 at equilibrium along the
asymmetry lines [Γ-H-N-Γ] in the 1st Brillouin zone, as shown in
Fig. 3. The unoccupied Fermi level demonstrates the semiconducting
nature of both compounds. Electronic band curves for both
compounds reveal that the lowest point of the conduction band
and the highest point of the valence band lay at the same symmetry
points (H-H) of the Brillouin zone generating a direct band gap of
0.77 eV and 2.32 eV for RbAuBr3 and RbAuBr4, respectively.

To further explanation of the band gap profile for studied
compounds is given with the total density of states (DOS). The
qualitative description of both conduction and valence bands, along
with the associated energy states, is provided with DOS. The total
DOS graphs are presented in Fig. 3. Both graphs of DOS express the
same result as band structure plots and confirm the semiconductor
behavior of both compounds. The highest peaks in the valence band
correspond to the maximum contribution of d-orbitals of Au atoms.
To study in deep the individual role of elements in total DOS, we
have simulated and plotted the partial density of states (PDOS) as
shown in Fig. 4.

Figure 1. Crystal structure of (a) RbAuBr3 and (b) RbAuBr4 perovskites.

ECS Journal of Solid State Science and Technology, 2022 11 123003



For RbAuBr3, the d-states of Rb, Au, and Br express the
maximum influence in the valence band, while the d-states of Au
have a major contribution in the conduction band. For RbAuBr4, d-
states of Rb and Au show major influence in the valence band and d-
states of Rb express the maximum influence in the conduction band.
The contribution of p-states of Br is also present in both bands but is
comparatively low concerning other elements.

Optical properties.—Materials’ optical response is essential for
their possible applications in optoelectronic and solar cells. The
dielectric function plays a crucial role in determining the accurate
optical properties of materials such as absorption, refractive index,

and energy loss.46 The material’s ability to harvest light energy can
be determined by dielectric function. The calculation of dielectric
function i.e. ε (ω) = ε1 (ω) + ε2 (ω) also provides a path to calculate
other optical properties.47 The ε1(ω) and ε2(ω) signify the real and
imaginary parts of the dielectric function.

The ε(ω) can be calculated with the help of momentum matrix
elements by using the following Kramer-kroning relation.48
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Figure 2. The volume optimization graphs of (a) RbAuBr3 and (b) RbAuBr4 perovskites.

Table I. Optimized lattice parameters of RbAuBr3 and RbAuBr4.

Lattice parameters

Compounds Lattice Constants ( °)A Vo B(GPa) ′B Eo(Ry) Ef (eV atom−1)

RbAuBr3 a = b = 7.26, c = 8.24 2458.2570 27.9318 7.0893 −119397.97207 −1.992
RbAuBr4 a = 6.17, b = 7.45, c = 10.60 2558.2370 29.9318 8.0893 −129824.57807 −1.756

Figure 3. Band structure and total density of states (a) RbAuBr3 and (b) RbAuBr4.
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Here ′pnn (K) is the dipole matrix element, P is the Cauchy principle
and ω ( ) ′nn k is the energy difference. The real part ε1(ω) reports the
scattering power and the imaginary part of the epsilon ε2(ω) of the
dielectric constant shows the loss of energy and the ability to absorb
energy in any material.49

The calculated graphs of ε1(ω) for both compounds are shown in
Fig. 5a. The ε1(0) (static values) are 6.6 for RbAuBr3 and 2.8 for
RbAuBr4 with mBJ potential. The first and highest peak is observed
at 1.1 eV for RbAuBr3 and 2.55 eV for RbAuBr4. After the peak
values, a rapid decrease is observed, leading to the peak of negative
values i.e. 1.6 eV for RbAuBr3 and 4.7 eV for RbAuBr4, indicating
no propagation of electromagnetic waves. The negative values of the
real dielectric ε1(ω) constant demonstrate the metallic behavior of
the studied compound.50 Suddenly after negative peaks, there is a
rise in ε1(ω) values, which again become negative after 12 eV.

The peaks in the ε2 (ω) part of the dielectric function correspond
to the electronic transition from occupied to unoccupied energy
states, as displayed in Fig. 5b. The incident photons have low energy
to transfer electrons from the valence band to the conduction band,
so there is no electrons transition from 0 eV to 0.81 eV for RbAuBr3
and 0 eV to 2.5 eV for RbAuBr4 with mBJ potential. The transition
of electrons starts from 0.73 eV and 1.76 eV for RbAuBr3 and
RbAuBr4, respectively, and this energy is called the threshold energy
for transition.51 It is observed from Fig. 5b that after getting
threshold frequency, the value of imaginary epsilon ε2(ω) increases
and gains a maximum sharp peak at 1.3 eV for RbAuBr3. For
RbAuBr4, the first peak is noted at 2.9 eV and the maximum peak is
observed at 4.6 eV. The peaks indicate the maximum absorption of
incident light in the visible region, where the light scattering is
minimum for both compounds. The variations in ε2(ω) values at the
higher energy range have occurred due to different rates of intra-
band and inter-band transitions.52 These peaks originate from the
electronic transitions when the electric field is constant.

Figure 4. The calculated PDOS of (a) RbAuBr3 and (b) RbAuBr4.

Figure 5. The real (a) and imaginary (b) parts of the dielectric function of RbAuBr3 and RbAuBr4.
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Another vital consideration is the refractive index n (ω) in optical
properties. The n(ω), in terms of impurity and wavelength, gauges
the transparency rate and light dispersion through its substituent
elements.53 According to Fig. 6a, the calculated static values n(0) are
2.6 and 1.6 for RbAuBr3 and RbAuBr4, respectively. The highest
peaks of refractive index are found at 1.1 eV and 2.6 eV for
RbAuBr3 and RbAuBr4, respectively. Small bandgap and rising
photon energy cause the refractive spectra’s magnitude to increase.
Figure 6b displays reflectivity for RbAuBr3 and RbAuBr4 regarding
the photon energy, which ranges from 0 eV to 14 eV. The highest
peak is seen at 1.4 eV for RbAuBr3 and 4.7 eV for RbAuBr4 with
mBJ potential.

Figure 6b demonstrates energy loss that depends on the photon
energy. It expresses the wasted energy during the fast electronic
transition. The minimum energy loss means the maximum absorp-
tion. The maximum peaks of eloss are observed at 2.87 eV and
4.9 eV for RbAuBr3 and RbAuBr4, respectively. After that, there is a
fluctuation in both cases due to inner-band transitions. RbAuBr3 has
the least energy losses compared to RbAuBr4, so it seems a possible
candidate for photonic absorption.

Thermoelectric properties.—The thermoelectric response in
terms of electrical and thermal conductivities, Seebeck coefficient,
and figure of merit (ZT) have been calculated using classical
Boltzmann transport theory (CBT) as applied in the BoltzTrap
code.54,55 The material’s thermal power must increase when thermal
conductivity has a minimum value while electrical conductivity and
Seebeck coefficient have maximum values. The relation of electrical
conductivity to thermal conductivity is explicit by the
Wiedemann–Franz Law.56 Material’s effectiveness for thermoelec-
tric (TE) devices can be estimated with the help of a figure of
merit.57

Figure 7a represents the electrical conductivity of both com-
pounds. The value of electrical conductivity at 50 K is 1.77 × 1019

(S m−1) for RbAuBr3 and 7.6 × 1018(S m−1) for RbAuBr4. By
increasing the temperature from 50 K to 800 K, the electrical
conductivity shows small variations for both materials. At 800 K,
the electrical conductivity reaches the value of 1.46 × 1019(S m−1)
for RbAuBr3 and 7.6 × 1018(S m−1) for RbAuBr4. The electrical
conductivity of RbAuBr3 is relatively higher than RbAuBr4 at every
point because electrons require less energy to reach the conduction
band because of the small bandgap. Thermal conductivity is also an
essential property in studying the material’s response to increasing
temperature.58 The temperature-dependent increasing thermal con-
ductivity values of materials show their semiconductor behavior.59

The calculated thermal conductivity of both compounds is presented
in Fig. 7b. The computed thermal conductivity at 50 K is 1.85 ×
1013 (W.K−1 m−1) for RbAuBr3 and 8.2 × 1012 (W.K−1 m−1) for
RbAuBr4. Thermal conductivity value increases linearly from 50 K
to 800 K for both compounds. At 800k, the calculated thermal
conductivity values are 3.2 × 1014 (W.K−1 m−1) for RbAuBr3 and
1.7 × 1014 (W.K−1 m−1) for RbAuBr4. The reason for the small
increase in thermal conductivity of RbAuBr4 may be related to its
large band gap as compared to RbAuBr3. Seebeck coefficient is the
magnitude of induced thermoelectric voltage due to temperature
gradient.60 The Seebeck coefficient values are computed for both
compounds and presented in Fig. 8a. The maximum calculated value
of the Seebeck coefficient for RbAuBr3 is 1.28 × 10−4 (VK−1) at
600 K, while for RbAuBr4 is 1.34 × 10−4 (VK−1) at 700 K. It is
observed that by increasing the temperature from 50 K to 800 K, the
Seebeck values also increase for both studied compounds.

The figure of merit (ZT) is the degree that is used to measure the
material’s efficiency with a temperature gradient.61 The figure of
merit (ZT) values are calculated for both compounds and presented
in Fig. 8b. The calculated maximum value of the figure of merit (ZT)
for RbAuBr3 is 1. 16 at 50 K, while for RbAuBr4 is 0.24 at 50 K with
mBJ potential. The ZT value for RbAuBr3 decreases (100 K–300 K)
and then gradually increases (200 K–800 K). At 800 K, the ZT value
of 0.96 is obtained for RbAuBr3. In the case of RbAuBr4, the ZT
value gradually increases from 100 K to 800 K and the maximum
value of 0.60 is achieved at 800 K. The positive figure of merit (ZT)
value of RbAuBr3 and RbAuBr4 demonstrate that the nature of both
compounds is p-type.62 The high ZT values indicate the potential of
materials for thermoelectric devices.63 It is noted that RbAuBr3
exhibit high ZT values as compared to RbAuBr4, which confirms it
as a potential candidate for future thermoelectric devices.

Conclusions

Full potential linearized augmented plane wave method com-
bined with modified Becke-Johson potential is used to study the
physical properties of lead-free RbAuBr3 and RbAuBr4 perovskites.
Optimized lattice parameters are used to compute the required
properties. A semiconductor nature is observed for both materials,
which is further confirmed by the density of states graphs. The
optical and thermoelectric response is also evaluated. High absorp-
tion and low energy loss are observed for both materials. Transport
properties show maximum electrical and minimum thermal con-
ductivity for both perovskites. A very high ZT value of 0.96 is

Figure 6. Calculated (a) refractive index and (b) energy loss of RbAuBr3 and RbAuBr4.
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obtained for RbAuBr3, which is the confirmation of using the studied
perovskite in renewable energy applications.
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